Introduction
============

Due to the presence of imprinted cavities complementary to the shape and functionalities of template molecules, molecularly imprinted polymers (MIPs)[@cit1]--[@cit7] can provide affinity and specificity toward the template molecules and thereby have found promising applications in many areas such as sensing,[@cit8],[@cit9] separation[@cit10],[@cit11] and catalysis.[@cit12],[@cit13] As compared with antibodies and enzymes, MIPs are easier to prepare, more cost-efficient and more stable. So far, a large number of imprinting approaches have been reported. However, the imprinting of biomacromolecules, especially proteins, still remains challenging. Under harsh polymerization conditions for imprinting, a severe conformational change of proteins often occurs. In addition, the large size of proteins makes them difficult to be removed from highly cross-linked polymer networks. Epitope imprinting for peptide recognition was pioneered by Rachkov and Minoura.[@cit14],[@cit15] In epitope imprinting, short characteristic peptides, rather than entire proteins, are used as templates. A milestone study in epitope imprinting from Shea and coworkers[@cit16] extended this strategy to protein recognition, in which C-terminal nonapeptides were selected as epitopes. Since then, epitope imprinting has been widely adopted to overcome the above issues in protein imprinting.[@cit17]--[@cit22] However, conventional epitope imprinting still suffers from some drawbacks. In some methods, prior to the imprinting the epitopes are immobilized on substrates *via* a functionality on the terminal amino acids such as --SH[@cit17] and --NH~2~.[@cit6],[@cit18] However, the co-existence of the same functionality on other amino acids may lead to an unfavourable configuration of the epitope on the substrate. Also, there is a lack of generally applicable substrates for facile and efficient epitope immobilization. In some approaches, epitopes are not immobilized[@cit19]--[@cit22] and the imprinting direction is random, which results in a low imprinting efficiency since a large portion of the template is buried in the polymer. More importantly, many methods are only applicable to limited cases, and tedious conditional selection is usually required for imprinting different epitopes.

Boronic acids, which can reversibly bind with *cis*-diols,[@cit23],[@cit24] are important functional monomers for the imprinting of *cis*-diol-containing compounds such as saccharides and glycoproteins.[@cit25]--[@cit29] Recently, we developed a versatile, facile and efficient approach called boronate affinity controllable oriented surface imprinting[@cit30]--[@cit33] for the imprinting of glycoproteins, glycans and monosaccharides. The prepared MIPs exhibit high specificity, strong affinity and excellent imprinting efficiency. When applying to different targets, the change in the imprinting procedure is only to adjust the imprinting time according to the molecular size of the template. Clearly, an epitope imprinting approach that features the above merits, including versatility, facility, efficiency and excellent binding properties, will be of significant importance.

Herein, we present a new approach, called controllable oriented surface imprinting of boronate affinity-anchored epitopes, for the imprinting of proteins. This approach relies on the combination of glycation of epitopes, immobilization of glycated epitopes on boronic acid-functionalized substrates, and controllable oriented surface imprinting. The procedure of the imprinting is shown in [Fig. 1](#fig1){ref-type="fig"}. Based on the amino acid sequence of a specific protein, a C-terminus nonapeptide is selected as the epitope. Its C-terminus is attached with an additional lysine, followed by glycation with fructose. The glycated epitope is then immobilized onto a boronic acid-functionalized substrate by virtue of boronate affinity. After that, a silica coating is formed on the substrate surface to cover the template to an appropriate thickness, *via* the polycondensation of multiple silylating reagents containing functionalities capable of interacting with the template, including aminopropyltriethoxysilane (APTES), 3-ureidopropyl-triethoxysilane (UPTES), isobutyltriethoxysilane (IBTES) and tetraethyl orthosilicate (TEOS). Finally, the glycated epitope is removed by rinsing with an acidic acetonitrile solution to disrupt non-covalent and boronate affinity interactions, leaving imprinted cavities on the substrate surface. The obtained MIPs can rebind the intact target proteins and the epitope peptides. The highly attractive features of this approach, including versatility, facility, efficiency and excellent binding properties, were experimentally confirmed. Thus, it can be a promising method for the preparation of protein-specific MIPs for important applications.

![Schematic of the principle and procedure of controllable oriented surface imprinting of boronate affinity-anchored epitopes.](c8sc04169e-f1){#fig1}

Results and discussion
======================

Selection and glycation of the epitope
--------------------------------------

β~2~-Microglobulin (B2M) and myoglobin (Mb) were used as the target proteins while boronic acid-functionalized magnetic nanoparticles (MNPs) were employed as the substrate in this work. B2M, which consists of 99 amino acids, is one of the major histocompatibility complex class I molecules. The abnormal level of B2M can indicate different diseases such as multiple myeloma.[@cit34] Mb, containing 153 amino acids, is a potential marker for heart attack in patients with chest pain.[@cit35] From protein structure databases such as UniProt, C-terminal nonapeptides for human B2M and Mb were found to be KIVKWDRDM and NYKELGFQG, respectively. The general procedure for the preparation of glycated epitope-imprinted MNPs is shown in Fig. S1.[†](#fn1){ref-type="fn"}A lysine is introduced at the C-end, because its amino group can be linked with a monosaccharide through the reductive amination. Fructose was selected as the sugar moiety and 2,4-difluoro-3-formyl-phenylboronic acid (DFFPBA) was selected as the ligand, because of their strong affinity.[@cit36] The synthesis of the peptide sequences and the glycation were achieved through solid-phase synthesis. In the solid-phase synthesis of the sequence of nonapeptide plus terminal lysine, functionalities at the side chains except for the terminal lysine were all protected. Thus, the sugar moiety was only linked to the amino group of the terminal lysine. The structures of the glycated B2M epitope and glycated Mb epitope are shown in Fig. S2.[†](#fn1){ref-type="fn"}

Optimization of monomer composition and imprinting time
-------------------------------------------------------

The boronate affinity of Fe~3~O~4~\@SiO~2~\@DFFPBA MNPs was verified, as shown in Fig. S3 and S4.[†](#fn1){ref-type="fn"} Unlike the boronate affinity controllable oriented surface imprinting,[@cit30]--[@cit33] the boronic acid moiety introduced herein functioned only as an anchor for the facile immobilization and removal of the template, rather than participating in the rebinding with the epitopes. Because of the absence of boronate affinity in the rebinding, the use of multiple silylating reagents containing functionalities capable of interacting with the epitopes was essential to gain high rebinding affinity. The combination of the silylating reagents was selected according to the common features of amino acids of peptide epitopes. As shown in Fig. S5[†](#fn1){ref-type="fn"}, APTES, which contains an amino group, can interact with class I amino acids *via* electrostatic attraction as well as class IV amino acids *via* hydrogen bonding; UPTES, which contains a carbamido group, can interact with class II amino acids and class IV amino acids mainly *via* hydrogen bonding; IBTES, which contains a hydrophobic chain, can interact with class III amino acids *via* hydrophobic interaction. Although TEOS contains no functional groups, it can function as a crosslinker to form a hydrophilic silica skeleton, which can not only crosslink other monomers but also help to reduce non-specific adsorption. The ratio of the monomers and the imprinting time was optimized in terms of the imprinting factor (IF), which was calculated according to the ratio of the amount of epitope captured by glycated epitope-imprinted MNPs over that by non-imprinted MNPs (NIPs). As shown in Table S1[†](#fn1){ref-type="fn"} and [Fig. 2](#fig2){ref-type="fig"}, the composition of monomers played a key role. When an unsuitable composition (such as 1--5) was used, the overall IF value was rather poor, whatever the imprinting time was. In contrast, at an appropriate composition (such as 6, 8 and 9), the overall IF value was high and the imprinting time became critical. Imprinting with composition 8 (the ratio of APTES/UPTES/IBTES/TEOS was 10 : 10 : 20 : 60) for 60 min produced the highest IF value (5.8).

![The amount of the B2M epitope captured by glycated B2M epitope-imprinted MNPs and non-imprinted MNPs prepared using different proportions of monomers in an optimal imprinting time and their IF values. The error bars represent the standard deviation of three parallel experiments.](c8sc04169e-f2){#fig2}

Characterization and performance of glycated epitope-imprinted MNPs
-------------------------------------------------------------------

As indicated by the transmission electron microscopic (TEM) images shown in Fig. S6,[†](#fn1){ref-type="fn"} the glycated epitope-imprinted MNPs exhibited a diameter of *ca.* 150 nm, and a thin silica layer could be seen on the surface of the MNPs. Fourier transform infrared (FT-IR) characterization confirmed that the monomers were successfully modified on the MNPs (Fig. S7[†](#fn1){ref-type="fn"}). The binding isotherm of the glycated B2M epitope-imprinted MNPs toward the B2M epitope was evaluated. The imprinted MNPs exhibited much stronger affinity toward the B2M epitope as compared with the non-imprinted MNPs ([Fig. 3a](#fig3){ref-type="fig"}). Scatchard plot analysis ([Fig. 3b](#fig3){ref-type="fig"}) gave a dissociation constant (*K*~d~) of (2.08 ± 0.11) × 10^--7^ M. The imprinting efficiency was measured to be 54.2% (see the ESI[†](#fn1){ref-type="fn"}), which was excellent for the imprinting of proteins. The extraction of the B2M epitope and the B2M intact protein by the glycated B2M epitope-imprinted MNPs was found to reach equilibrium within 20 min (Fig. S8[†](#fn1){ref-type="fn"}). Such fast equilibrium kinetics benefited from the accessible binding sites on the surface of the imprinted MNPs. Moreover, the glycated B2M epitope-imprinted MNPs could be stably stored for at least three months in a dry and sealed tube at room temperature. Even after storage for three months, the amount of B2M captured by the glycated B2M epitope-imprinted MNPs decreased only by 13.4% (Fig. S9[†](#fn1){ref-type="fn"}).

![(a) Binding isotherms for the binding of glycated B2M epitope-imprinted MNPs and non-imprinted MNPs to the B2M epitope. (b) Scatchard plot for the binding between glycated B2M epitope-imprinted MNPs and the B2M epitope.](c8sc04169e-f3){#fig3}

Specificity test
----------------

The specificity of the glycated epitope-imprinted MNPs toward intact proteins was examined by using B2M as the target protein, with ribonuclease A (RNase A), ribonuclease B (RNase B), horseradish peroxidase (HRP), and bovine serum albumin (BSA) as the competing proteins. As shown in [Fig. 4](#fig4){ref-type="fig"}, when the imprinting time was 60 min, the glycated B2M epitope-imprinted MNPs exhibited the highest IF value (6.5) and the best specificity, which were consistent with the results using the B2M epitope as the target analyte. Furthermore, the glycated B2M epitope-imprinted MNPs could endure 6 consecutive uses, with cross-reactivity less than 30% (Fig. S10[†](#fn1){ref-type="fn"}). Matrix-assisted laser desorption/ionization time-of-flight mass spectrometric (MALDI-TOF MS) analyses also confirmed the specificity of the glycated epitope-imprinted MNPs (Fig. S11--S13[†](#fn1){ref-type="fn"}).

![The amount of different proteins captured by glycated B2M epitope-imprinted MNPs and non-imprinted MNPs prepared in the monomer ratio of APTES/UPTES/IBTES/TEOS = 10 : 10 : 20 : 60 with different imprinting times (a--c) and the dependence of IF on imprinting time (d). Imprinting time: (a) 50 min; (b) 60 min; (c) 70 min.](c8sc04169e-f4){#fig4}

The specificity of the glycated epitope-imprinted MNPs at the peptide level was investigated. Tryptic digests of HRP and BSA were employed as the competing species. A mixture of the B2M epitope and the tryptic digests of HRP and BSA (molar ratio, 1 : 1 : 1) was extracted with the glycated B2M epitope-imprinted and non-imprinted MNPs. Without extraction, the B2M epitope, 10 peptides from BSA and 2 peptides and 8 glycopeptides from HRP were detected. However, with extraction by the glycated B2M epitope-imprinted MNPs, only the B2M epitope was detected. In contrast, nearly nothing was extracted by the non-imprinted MNPs (Fig. S14 and Table S2[†](#fn1){ref-type="fn"}). Clearly, the glycated epitope-imprinted MNPs exhibited high specificity at the peptide level.

Thickness controllability characterization of the imprinting layer
------------------------------------------------------------------

The dependence of the thickness of the imprinting layer on the imprinting time was examined. As shown in [Fig. 5](#fig5){ref-type="fig"}, the thickness of the imprinting layer linearly increased with increase in the polymerization time (*y* = (0.066± 0.003)*x* + (0.161 ± 0.183), *R*^2^ = 0.988). This indicates good controllability of the polymerization system used. The performance of the glycated epitope-imprinted MNPs prepared at different imprinting times can be rationalized in terms of the template coverage, which is the ratio of the thickness of the imprinting layer over the total length of the template and the ligand. With the software ChemBio 3D, the length of the glycated B2M epitope plus the boronic acid ligand was calculated to be *ca.* 4.44 nm. Using the above linear equation, the template coverage was calculated to be 78, 93, and 108% for the imprinting times of 50, 60 and 70 min, respectively. At relatively low coverage (such as 78%), the thickness of the imprinting layer was insufficient, resulting in relatively poor affinity and specificity. When the coverage was over 100%, the template molecules were all buried within the imprinting layer, making the MIP function like a NIP and thereby showing no affinity and specificity. Theoretically, the best imprinting time should be the value at which the thickness of the imprinting layer is close to but less than 100%. Clearly, the coverage at the imprinting time of 60 min was close to the theoretical optimum. The above rationalization suggests that the imprinting system used herein allowed for precision control of the imprinting process and thereby provided the best binding performance.

![(a) TEM images for the imprinting layer of AgNPs at the monomer ratio of APTES/UPTES/IBTES/TEOS = 10 : 10 : 20 : 60 at different polymerization times. Scale bar = 5 nm. (b) Relationship between the thickness of the imprinting layer and polymerization time. The ratio of APTES/UPTES/IBTES/TEOS was 10 : 10 : 20 : 60. The error bars represent the standard deviation of five parallel experiments.](c8sc04169e-f5){#fig5}

Real sample application
-----------------------

The potential of the glycated epitope-imprinted MNPs for real-world application was demonstrated by the extraction of B2M directly from human serum. MALDI-TOF MS analyses indicated that B2M existed in low abundance in human serum, accompanied by abundant interfering proteins, such as human serum albumin (HSA). As a comparison, after the serum sample was treated with the glycated B2M epitope-imprinted MNPs, only enriched B2M was detected (Fig. S15[†](#fn1){ref-type="fn"}). To further investigate the properties of the glycated epitope-imprinted MNPs, the tryptic digests of human serum samples spiked with the B2M epitope were analyzed. Even though there were plenty of interfering species, only the B2M epitope was detected by MALDI-TOF MS ([Fig. 6](#fig6){ref-type="fig"}). Apparently, the glycated epitope-imprinted MNPs exhibited excellent specificity toward both the intact target protein and its epitope even in a complex sample matrix.

![MALDI-TOF MS spectra for the analysis of the B2M epitope spiked tryptic digest of human serum. (a) Without, (b) with extraction by glycated B2M epitope-imprinted MNPs and (c) with extraction by the corresponding non-imprinted MNPs (![](c8sc04169e-u1.jpg){#ugr1}: B2M epitope).](c8sc04169e-f6){#fig6}

Method versatility
------------------

The versatility of this approach was demonstrated by applying the developed method to the imprinting of Mb. Although the ratio of the silylating monomers optimized for the B2M epitope might not be the best for the imprinting of the Mb epitope, the combination should be applicable to the imprinting of the Mb epitope and other epitopes, since the combination of the silylating monomers was selected according to the common features of amino acids. On the other hand, for nonapeptide epitopes glycated with the same monosaccharide through the linkage of the same additional amino acid, the molecular lengths are the same. Therefore, if the same composition of the polymerization system is used, the imprinting time optimized for one epitope can be applied to another. Thus, composition 8 (APTES/UPTES/IBTES/TEOS = 10 : 10 : 20 : 60) was used and the imprinting time was set at 60 min. The prepared glycated Mb epitope-imprinted MNPs exhibited excellent specificity at both the intact protein level and the peptide level (Fig. S16--S18, Table S3[†](#fn1){ref-type="fn"}). The IF value was 5.6, and the imprinting efficiency was 52.6% (see the ESI[†](#fn1){ref-type="fn"}).

Conclusions
===========

In summary, we developed a versatile, facile and efficient approach for the imprinting of proteins. Through the introduction of a sugar moiety into the epitope, the immobilization and release of the templates became straightforward through manipulating the molecular interactions involved. With the immobilized templates and the silane-based imprinting system, the imprinting process was performed in a manner of precisely controllable oriented surface imprinting, providing strong affinity, high specificity and excellent efficiency. Thus, the proposed imprinting approach provided new access to the facile preparation of MIPs that allow for the specific recognition of proteins and peptides.
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